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ABSTRACT
Studies were conducted during 2007 and 2008 to investigate the distribution and
density of phytophagous stink bugs and boll injury in cotton as part of a variable
farmscape.

The goals of this research were to: (1) compare and contrast

sampling techniques and correlate the density of stink bugs and associated
internal boll injury with measurements of crop phenology, (2) establish the spatial
and temporal distributions of stink bugs and boll injury on a whole-field scale, and
(3) determine the density of stink bugs and boll injury along field margins as
influenced by adjacent habitats and crops. The ground cloth was the most efficient

method to directly sample stink bugs. Monitoring bolls for internal injury was the
more sensitive method to detect the presence of stink bugs than the ground cloth
or sweep net. The density of adult stink bugs was positively correlated to plant
height and normalized difference vegetative index (NDVI). The density of bugs
and boll injury were significantly greater in grids located along the periphery of
fields than in grids located near the center of the fields. Along field margins, the
densities of stink bugs were greatest on the first row and decreased as the
distance towards the interior of the cotton field increased. Also, density of stink
bugs and boll injury were greatest in cotton adjacent to soybean and peanut
fields. These results demonstrate that spatial and temporal variation exists in
populations of stink bugs and boll injury along field margins and within fields, and
can vary significantly based on the adjacent crop.
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PREFACE
Recent History of Pest Management in Cotton: Rise of the Bugs
Historically, insect management in cotton, Gossypium hirsutum (L.),
focused on controlling the boll weevil, Anthonomous grandis grandis Boheman,
bollworm, Helicoverpa zea (Boddie), and tobacco budworm, Heliothis virescens
(Fabricius) (Williams 1997).

The National Boll Weevil Eradication Program,

beginning with trials in 1978, was developed as a concerted effort between
producers and government agencies to eliminate the boll weevil across the
cotton belt. The program was successful in the Southeast, eliminating the boll
weevil as an economic pest by 1986 in the Carolinas. Another major change in
cotton production was the development of genetically modified varieties to control
the bollworm and tobacco budworm. Bollgard I was commercially released in
1996 and contained Cry1Ac endotoxin from Bacillus thuringiensis (Bt). Secondgeneration Bt varieties (e.g. Bollgard II 2003, Widestrike 2004) were released
shortly thereafter that expressed multiple endotoxins and increased control of
lepidopteran pests (Stewart 2007). Before the boll weevil eradication program
and introduction of Bt cotton, fields received as many as 14 insecticide
applications per season to manage these pests (Smith 2007). By 2004, cotton
fields received no insecticide applications for boll weevil and only 1.7 applications
for all caterpillar pests in South Carolina (Williams 2005). Although the bollworm
and tobacco budworm remain perennial pests of cotton throughout the southern
United States, insects previously recognized as occasional and secondary pests
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(e.g. stink bugs) routinely reach economically important levels in this “low-spray”
environment.
Management of phytophagous pentatomids has become a common
concern for producers and researchers in the southeastern USA. Before the
introduction of Bt cotton (1995), yield loss attributed to stink bugs was 0.22%
(992 bales) in South Carolina (Williams 1996). Yields losses peaked in 2005 in
South Carolina with stink bug infestations causing a 7.0% reduction in yield
(38,646 bales) (Williams 2006). The complex of boll-feeding bugs is comprised
of a number of species of plant bugs (Heteroptera: Miridae) and stink bugs
(Heteroptera: Pentatomidae). In the Mid-south, the tarnished plant bug, Lygus
lineolaris (Palisot de Beavois), is more prevalent in cotton than stink bugs. In the
Southeast, the green stink bug, Acrosternum hilare (Say), brown stink bug,
Euschistus servus (Say), and southern green stink bug, Nezara viridula (L.) are
the predominant species.

The redshouldered stink bug, Thyanta custator

accerra McAtee, redbanded stink bug, Piezodorus guildinii (Westwood), rice stink
bug, Oebalus pugnax (Fabricius), dusky stink bug, E. tristigmus, one-spotted
stink bug, E. variolarius, and other Euschistus species are also found in cotton,
usually at sub-economic levels.
Phytophagous pentatomids reduce yield and lint quality by feeding on
developing bolls, resulting in boll deformation, reduced yield and lint/seed quality,
and boll abscission (Wene and Sheets 1964, Toscano and Stern 1976a, Barbour
et al. 1990, Greene et al. 2000, Willrich et al. 2004, Roberts et al. 2005, Goerger
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et al. 2006, Bommireddy et al. 2007). Feeding punctures in the carpel wall can
allow entry of microorganisms that can contribute to physiological damage and
degradation of fruit (Watkins 1981, Verma 1986, Panizzi 1997).
Development of an effective sampling plan based on prior knowledge of
a pest's spatial distribution is critical for applied pest management (Southwood
1978, Horn 1988). Three areas of research are necessary for understanding the
spatial-temporal movement, distribution, and densities of stink bugs in cotton
(adapted from Stinner et al. 1983):
1. Development of models to evaluate the movement of stink bugs among
crop systems and within cotton fields.
2. Derivation of relationships between crop phenology and spatialtemporal appearances of stink bugs including the use of reliable sampling
procedures to detect and evaluate these relationships.
3. Derivation of results for assigning probabilities to alternative hosts and
cultivated crops as sources of migrants.
Objectives
The objectives of this research were designed to evaluate the complex
processes of stink bug movement within an agroecosystem and test hypotheses
of these models:
1. Evaluate different sampling methods for efficiency and effectiveness.
2. Elucidate relationships among densities of stink bugs and internal boll
injury with measurements of crop development.
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3. Determine the existence of spatial and temporal variations in
populations of stink bugs within cotton fields.
4. Investigate margin effects along the perimeter of cotton fields while
assessing the influence of adjacent crops and habitats on densities of stink bugs.
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CHAPTER 1
COMPARISON OF SAMPLING TECHNIQUES FOR PHYTOPHAGOUS
SPECIES OF STINK BUGS IN COTTON AND EFFECTS OF CROP
PHENOLOGY ON BUG DISTRIBUTION

ABSTRACT
Different methods for sampling stink bugs in cotton, Gossypium hirsutum (L.),
were compared. Fields were sampled weekly, beginning at anthesis, using a
sweep net (38.1 cm diam) and ground cloth (0.91 x 0.91 m).

Bolls were

examined for symptoms of feeding injury to indirectly measure the presence of
bugs. The ground cloth was the fastest sampling method relative to the sweep
net and boll examination. More nymphs were detected with the ground cloth
than with the sweep net, and more adults were detected with the sweep net than
with the ground cloth; however, the methods were not significantly different when
total bugs were analyzed. Sampling for internal injury to bolls was the most timeintensive method and the most sensitive to detect the presence of bugs. When
densities of stink bugs were compared with different measures of crop
development, including plant height (m), nodes above white flower (NAWF), and
normalized difference vegetative index (NDVI), there were significant partial
correlations among plant height and NDVI and density of adult stink bugs.
Densities of bugs (adults, nymphs, and total bugs) were positively correlated to
boll injury.
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INTRODUCTION
Widespread

adoption

of

genetically

modified

cotton

containing

transgenes from Bacillus thuringiensis (Bt) and successful eradication of the boll
weevil, Anthonomous grandis grandis Boheman, have changed the pest status of
phytophagous pentatomids in cotton from secondary to primary in the
southeastern United States. Stink bugs were previously controlled coincidentally
by multiple applications of broad-spectrum insecticides targeted at significant
economic pests, such as boll weevil, tobacco budworm, Heliothis virescens
(Fabricius), and bollworm, Helicoverpa zea (Boddie).

The predominant

Pentatomidae of economic importance to cotton production in the southeastern
USA. are the green stink bug, Acrosternum hilare (Say), the brown stink bug,
Euschistus servus (Say), and the southern green stink bug, Nezara viridula (L.).
These phytophagous species and others reduce yield and lint quality by feeding
on developing bolls (Toscano and Stern 1976a, Barbour et al. 1990, Greene et
al. 1999, Greene et al. 2000, Willrich et al. 2004, Roberts et al. 2005, Goerger et
al. 2006).
There are numerous methods for sampling arthropods in cotton, including
but not limited to, pneumatic/vacuum devices (Raulston et al. 1997, Beerwinkle
et al. 1998, Smith and Stewart 1999), sweep net (Kharboutli and Allen 2000,
Toews et al. 2008), ground cloth (Smith and Stewart 1999, Willers et al. 1999),
whole-plant examination (Snodgrass 1998, Knutson et al. 2008), external (Toews
et al. 2009) and internal inspection (Greene et al. 1999) of bolls, and traps
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(McLaughlin 1996, Blinka et al. 2006).

These methods vary in efficiency,

reliability, and affordability (Spurgeon and Mueller 1991).

Some of these

methods have been used and compared recently for sampling tarnished plant
bug, Lygus lineolaris (Palisot de Beauvois), a destructive species of cotton in
midsouthern states analogous to the problems encountered with stink bugs in the
Southeast.

A limited number of studies have compared these methods for

sampling stink bugs in cotton (Steede et al. 2003, Sharp and Bagwell 2006,
Toews et al. 2008) and thresholds have been established with several methods.
Treatment thresholds for stink bugs in cotton differ among states and methods
used, with recommendations for most states being a variation of 1 bug/1.83 rowm (1 bug/ 6 row-ft) using a ground cloth count, 4-9 bugs/25 sweeps with a sweep
net, and 5-20% internal damage when sampling medium-sized bolls (Greene et
al. 2006). Because of treatment threshold variations among states and dissent
about appropriate sampling techniques, consultants or scouts may overestimate
or underestimate populations of stink bugs, leading to economic loss for the
producer either through unnecessary or untimely applications of pesticide or from
yield loss. Regardless of the method used, the sampling plan must accurately
estimate populations of stink bugs and provide a means of determining what
species are present because of differential susceptibility to insecticides (Willrich
et al. 2003, Greene et al. 2005, Tillman 2006b).
Recent research has focused on the potential to use spectral imagery to
enhance the decision-making abilities of producers and consultants by
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monitoring parameters of crop development and associating those parameters
with pest pressure (Sudbrink et al. 2001, Townsend et al. 2003, Temple et al.
2007).

Additional research in this area is necessary to further elucidate

relationships

among

remotely-sensed

imagery,

measurements

of

plant

development, and actual densities of pests. In response to these concerns, the
objectives of this study were to (1) compare and contrast different methods for
sampling stink bugs in cotton and (2) investigate relationships between the
density of bugs and boll injury with measurements of crop maturity and vigor.

METHODS AND MATERIALS
Site Description, Experimental Design, and Sampling Methods
Populations of stink bugs and boll injury were monitored in 3 cotton fields
in 2007 and 4 in 2008, located in Barnwell and Bamberg Counties in South
Carolina (Table 1.1). Field size ranged from 4.45 to 12.1 ha, with an average of
8.9 ha. Fields were planted with dual-Bt-gene transgenic cotton, DeltaPine 164
Bollgard 2, Roundup Ready Flex (B2RF) or Stoneville 4554 B2RF, with a row
spacing of 96.5 cm. Field boundaries were mapped using a hand-held global
positioning system (GPS) receiver and overlaid with 0.4-ha (1-acre) grids, using
FarmWorks software (CTN Data Service, Inc.). Sampling points were designated
at the center of each grid and marked with a 1.83-m (6-ft) flag (Figure 1.1).
Within each grid, using the flag as a reference point, three sampling methods
were used: (1) ground cloth (0.91 × 0.91 m) on 3.66 meters of row, (2) sweep net
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(38.1 cm diam) to take 2 double-row 25 sweep samples, and (3) boll-injury
sampling, whereby 20 bolls were excised and examined for internal feeding injury
(callus growths [warts] and stained lint) from stink bugs. Every other iterance of
each method was timed using a stop watch. The ground cloth was made of
white canvas with wooden dowel rods sewn into two sides. The cloth was placed
on the ground between two rows, and plants from both rows next to the cloth
were shaken vigorously over the cloth to dislodge insects. Timing started when
the sampler began collecting the ground-cloth sample from 1.83 m of row and
stopped when all insects were counted and the cloth was cleared of debris.
Sweep-net samples were taken using a 38.1-cm diameter sweep net by swinging
the net through the canopy of two rows in front of the sampler while walking
between them. Timing started when the sampler began sampling and stopped
after counting the insects contained in the 25-sweep sample.

Boll-injury

sampling was initiated when bolls of the proper size and firmness (approximately
2.5 cm in diameter and pliable when squeezed between the thumb and
forefinger) were present at all sampling locations within each field. Timing for
boll-injury sampling constituted the time to collect 20 bolls in the field plus the
time examine the bolls in the laboratory.
Sampling was conducted weekly within each grid from the first two weeks
of bloom until acquisition of bolls of the proper size and firmness, as previously
described, were not available.

Grids were subdivided into quadrants, and

sampling rotated weekly among the quadrants to ensure adequate time for
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recovery of plants and insects after disturbance.

The green stink bug, the

southern green stink bug, and the brown stink bug were recorded separately. All
other phytophagous species of stink bugs were grouped and recorded in one
category. Life stage, adult or nymph, was recorded for each species. For the
direct methods of sampling, ground cloth and sweep net, insects were identified
in the field, and no attempt was made to determine absolute densities of the
species sampled.
Height for 10 plants and the nodes above the highest white flower in the
first position (NAWF) were measured weekly within each grid to monitor crop
maturity. In addition to measurements of crop maturity, crop vigor (health) was
recorded weekly within each grid by measures of normalized difference
vegetative

index

(NDVI),

using

either

tractor-mounted

or

handheld

GreenSeeker® (NTech Industries, Ukiah, CA) sensors. These sensors project
red and infrared (IR) light onto plant leaves from light-emitting diodes and
calculate NDVI from the light reflected back from the leaves. NDVI is calculated
using the relative reflectance values of a red and a near-infrared (NIR)
wavelength (Figure 1.2):

 


 

Healthy vegetation has a high NIR reflectance and low visible reflectance while
unhealthy vegetation has a low NIR reflectance and high visible reflectance.
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Plants with a greater NDVI are considered healthier than plants expressing a
lower NDVI.
Statistical Analyses
Sampling time for each method (ground cloth, sweep net, and boll injury),
efficiency (bugs/minute), method sensitivity (percentage of samples with injury or
insects), densities of adults, nymphs and total bugs per sample and per row-m
for each species and all species combined were analyzed using a mixed-model
analysis of variance (ANOVA) (PROC mixed, SAS v9.1, 2004) with sampling
method as the fixed factor and year, field(year), grid*field(year), method*year,
method*field(year), method*grid*field(year) in the random statement. Means of
the data were taken for field, year, month and week of sampling. Degrees of
freedom were adjusted following the Kenward-Roger method (Kenward and
Roger 1997).
Numbers of bugs (adults, nymphs, and total bugs) for each direct method
(ground cloth and sweep net) in each grid were transformed so the two methods
could be compared directly for density (bugs/row meter). The transformation
formulas were based on the proportion of plant sampled for each method using
the measurements of plant height. For the ground cloth, the assumption was the
entire plant was sampled each time regardless of plant height. Numbers of bugs
were divided by 3.66, the amount of row-m sampled in each grid, to calculate
bugs/row-m for the ground cloth. The formula used to calculate bugs/row-m for
the ground cloth was:
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Numbers of bugs for the sweep net were converted using the formula:

where number of bugs is the number of bugs sampled in a grid from 50 doublerow sweeps with a sweep net. The actual row-m sampled (38.1) was calculated
based on the diameter of the sweep net (38.1 cm) and 50 double-row sweeps in
each grid.

The percentage of plants sampled (net diameter [38.1 cm]/plant

height) was based on the diameter of the sweep net and the average plant height
for 10 plants in each grid.

This part of the equation takes into account the

proportion of plant sampled; as plant height increased, the percentage of plants
sampled decreased. The assumption that bugs were evenly distributed vertically
within the plants was made.
Partial correlations of numbers of stink bugs (combined adults, nymphs,
and total bugs for direct methods) and boll injury with plant height, nodes above
white flower and NDVI were addressed using a multivariate analysis of variance
(PROC GLM) to adjust for year and week of sampling.
each field, year, month and week of sampling.
weekly averages over all grids in all fields.
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Means were taken for

Partial correlations were for

RESULTS AND DISCUSSION
Comparison of Sampling Methods
The ground cloth was the quickest method (P < 0.0001) (Table 1.2);
consistent with other studies that compared methods for sampling stink bugs in
cotton (Sharp and Bagwell 2006, Toews et al. 2008). Collection of 20 bolls
required an average of 118 sec, and dissection of these bolls for internal
examination required an additional 419 sec, making it the most time-consuming
method (Table 1.2). Boll injury was the most sensitive test for detecting the
presence of bugs when compared with the sweep net and ground cloth.
However, the bolls selected where approximately 10-14 days old and act as
constant monitoring tool while in field compared to the direct methods which are
point samples at a particular moment in time. The ground cloth was twice more
efficient than the sweep net however the two methods were not significantly
different (P = 0.2).
For a number of samples (29.6%, n = 279), boll injury was present where
no bugs were detected by direct methods. The findings were consistent with
other studies in the Mid-south (Steede et al. 2003).

Discrepancies between

presence of injury and absence of stink bugs may be due to multiple factors,
including the ability of adult bugs to disperse to different areas of the fields after
feeding and injury caused by other boll-feeding insects such as the tarnished
plant bug.
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When data were analyzed by life stage (nymphs or adults) (Figure 1.3),
significantly more nymphs were captured with the ground cloth than the sweep
net, and significantly more adults were captured with the sweep net than the
ground cloth. Other research had similar findings concerning the same sampling
methods used for L. lineolaris in cotton (Snodgrass 1993, Stewart et al. 2006,
Musser et al. 2007). When numbers of adults and nymphs were combined (total
bugs), the two methods were not significantly different; indicating samples of 3.66
row-m with a ground cloth were comparable to 50 double-row sweeps with a
sweep net.
Per sample, the ground cloth was more efficient than the sweep net for
measuring the densities of adults and total bugs (Figure 1.4). The ground cloth
showed trends to being more efficient in measuring the density of nymphs
however the two methods were not significantly different (P = 0.0861).
Advantages of using the ground cloth were speed and efficiency
expressed as bugs/minute and bugs/row-m. Also, bugs are easy to see on the
broad white canvas.

A disadvantage of the ground cloth is the age-bias of

collecting more nymphs. Because the sweep net only samples the top portion of
the plants, time of day may be a significant factor when using a sweep net as
changes of vertical distribution of bugs can occur as temperature fluctuates
during the day (Snodgrass 1998, Rashid et al. 2006). The sweep net also has an
age bias, collecting more adults than nymphs. In addition, when sampling with a
sweep net, a large number of leaves and bolls are collected along with bugs,
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which can hinder enumeration of bugs.

A disadvantage of examining bolls for

signs of internal injury is the inability of the method to identify which species of
bug caused the injury. Different species, in some instances, require different
management techniques based on their susceptibility or tolerance to certain
classes of insecticides and modes of action (Willrich et al. 2003, Greene et al.
2005, Tillman 2006b). Species comparisons indicated no significant differences
between the ground cloth and the sweep for collecting SGSB, GSB, BSB, and
other phytophagous species (F = 0.00; df = 1, 6.44; P = 0.9797, F = 0.07; df = 1,
17.1; P = 0.7931, F = 0.54; df = 1, 6.02; P = 0.4886, F = 0.07; df = 1, 5.13; P =
0.8011). The efficiency of the ground cloth and sensitivity of boll examination
support the use of these methods as a reliable combination of techniques for
scouting stink bugs in cotton.
Correlations of Cotton Phenology and Bug Density/Boll Injury
Results from the MANOVA (df = 21) analysis showed significant partial
correlations existed among density of stink bugs and measurements of crop
phenology and vigor.

Total adults were significantly positively correlated to

average plant height (P = 0.0037) and NVDI (P = 0.0029), indicating as height
increase and the canopy closed, the number of adults increased (Table 1.3).
Also, the densities of adults, nymphs, and total bugs were significantly correlated
to boll injury. Some studies have failed to show correlations between NAWF and
NDVI measurements (Harris et al. 2004, Temple et al. 2007) and correlations
between density of bugs and NDVI (Harris et al. 2005). However, other studies
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indicated L. lineolaris and stink bugs show a preference for areas of fields
experiencing vigorous plant growth (Dupont et al. 2000, Sudbrink et al. 2002).
Dupont et al. (2000) found densities of tarnished plant bug far below economic
thresholds in areas with less crop vigor (low NDVI), while areas of vigorous
growth (high NDVI) (Figure 1.2) had numbers of plant bugs exceeding economic
thresholds. Stewart et al. (2002) cautioned that comparisons across locations
are not valid and that positive correlations between the density of insects and
NDVI values could represent differences between atmospheric conditions, crop
variety, soil types, and other coincidentally related factors. The results of the
current study support the continued development and evaluation of spectral
imagery as part of pest management.
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Table 1.1. Characteristics of cotton fields monitored for stink bugs and boll
injury in South Carolina, 2007-2008.
Designation

County

Year

Size
(ha)

Variety

Planting date

No. of
grids

Field 1

Barnwell

2007

6.9

DeltaPine 164 BG2 RF

30 April, 2007

17

Field 2

Barnwell

2007

12.1

Stoneville 4554 B2 RF

4 May, 2007

25

Field 3

Bamberg

2007

8.1

DeltaPine 164 BG2 RF

-

20

Field 4

Barnwell

2008

7.8

DeltaPine 164 BG2 RF

2 May, 2008

15

Field 5

Barnwell

2008

4.5

DeltaPine 164 BG2 RF

22 April, 2008

11

Field 6

Barnwell

2008

11.8

DeltaPine 164 BG2 RF

22 April, 2008

27

Field 7

Bamberg

2008

10.8

DeltaPine 164 BG2 RF

-

26

Table 1.2. Time requirements and sensitivity of detecting stink bugs
directly or indirectly using different sampling techniques in South Carolina,
2007-2008. Analyzed using a mixed-model ANOVA (Proc MIXED). *Methods
within columns with letters in common are not significantly different based
on differences between least square means (p < 0.05) ± SEM. † sample size
of 20 bolls, 25 sweeps, and 1.83 row-m. ‡ sample size of 20 bolls, 50
sweeps, and 3.66 row-m.
Sampling method
Boll injury

Seconds per
†
sample*

Bugs per
‡
minute*

% Samples with
injury or insect
‡
presence*

543 ± 17 a

-

82 ± 0.06 a

Sweep net

74 ± 17 b

0.33 ± 0.26 a

37 ± 0.06 b

Ground cloth

36 ± 17 c

0.71 ± 0.26 a

31 ± 0.06 b
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Table 1.3. Measurements of crop phenology (height and NAWF) and vigor
(NDVI) for cotton fields monitored in South Carolina (2007-2008). Means for
each field ± standard deviation.
Sampling
week
1
2
3
4
5
6
7
8
9

Height (m)
0.495 ± 0.11
0.854 ± 0.14
0.914 ± 0.13
0.894 ± 0.14
0.922 ± 0.11
0.981 ± 0.15
0.98 ± 0.15
1.005 ± 0.17
1.026 ± 0.14

NAWF
6 ± 0.83
5 ± 1.18
4 ± 0.44
5 ± 0.62
4 ± 1.18
4 ± 0.64
2 ± 0.49
2 ± 0.37

NDVI
0.7176 ± 0.09
0.8118 ± 0.05
0.8353 ± 0.07
0.8671 ± 0.04
0.8194 ± 0.04
0.8284 ± 0.04
0.7482 ± 0.05

Field 2

1
2
3
4
5
6
7

0.74 ±0.07
0.758 ± 0.05
0.829 ± 0.06
0.897 ± 0.09
0.905 ± 0.11
0.95 ± 0.07
0.968 ± 0.07

6 ± 1.46
6 ± 0.67
6 ± 0.54
5 ± 0.94
4 ± 0.93
3 ± 0.69
2 ± 1.26

0.763 ± 0.05
0.814 ± 0.03
0.831 ± 0.03
0.805 ± 0.05
0.829 ± 0.02

Field 3

1
2
3
4
5
6
7

0.925 ± 0.11
0.856 ± 0.10
0.933 ± 0.09
0.957 ± 0.09
0.778 ± 0.09
0.931 ± 0.07
0.953 ± 0.10

6 ± 1.17
5 ± 1.61
5 ± 0.63
4 ± 0.72
3 ± 0.88
1 ± 0.28
0 ± 0.00

0.744 ± 0.07
0.837 ± 0.02
0.837 ± 0.03
0.845 ± 0.01
0.693 ± 0.07
0.758 ± 0.06

Field 4

1
2
3
4
5
6
7

0.449 ± 0.05
0.635 ± 0.04
0.675 ± 0.04
0.769 ± 0.07
0.733 ± 0.04
0.802 ± 0.06
0.79 ± 0.06

6 ± 0.66
7 ± 0.65
5 ± 0.63
5 ± 0.66
3 ± 0.59
3 ± 0.24
0 ± 0.36

0.797 ± 0.02
0.8013 ± 0.02
0.8032 ± 0.03
0.7645 ± 0.03
0.8136 ± 0.01
0.8415 ± 0.02

Field 1
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Table 1.3 continued

Field 5

Field 6

Field 7

Sampling
week
1
2
3
4
5

Height (m)
0.554 ± 0.06
0.585 ± 0.06
0.601 ± 0.08
0.729 ± 0.07
0.714 ± 0.08

NAWF
3 ± 0.44
2 ± 0.50
2± 0.52
0 ± 0.00
0 ± 0.00

NDVI
0.779 ± 0.02
0.742 ± 0.04
0.808 ± 0.02
0.841 ± 0.00

1
2
3
4
5
6
7

0.452 ± 0.08
0.549 ± 0.10
0.617 ± 0.09
0.706 ± 0.12
0.7 ± 0.10
0.763 ± 0.10
0.788 ± 0.10

3 ± 0.78
4 ± 0.76
4 ± 0.68
5± 0.56
4 ± 0.49
3 ± 0.33
2 ± 0.60

0.738 ± 0.07
0.78 ± 0.05
0.773 ± 0.06
0.767 ± 0.06
0.779 ± 0.06
-

1
2
3
4
5

0.81 ± 0.06
0.845 ± 0.06
0.844 ± 0.05
0.918 ± 0.05
0.951 ± 0.10

4 ± 0.62
3 ± 0.45
3 ± 0.68
1 ± 0.57
0 ± 0.27

0.854 ± 0.03
0.8485 ± 0.02
0.84 ± 0.01
-
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boundary

Figure 1.1. Field boundary and 0.4-ha (1-acre) grid with
sampling points in the center of each grid for cotton fields
monitored for stink bugs and boll injury in South Carolina
(2007-2008).
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Figure 1.2. NDVI output for a cotton field (12.1 ha) in South Carolina on
16-Aug-2007
2007 using tractor mounted sensors and averaged for 0.025 ha.
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Figure 1.3. Comparsion of direct sampling methods for adults, nymphs,
and total stink bugs (bugs/sample) in cotton fields in South Carolina
(2007-2008). Analyzed using mixed-model analysis of variance (ANOVA)
(Proc MIXED, SAS). Methods within columns with letters in common are
not significantly different based on differences between least square
means, p < 0.05.
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0.4

F = 20.22
df = 1, 6.06
P < 0.005
± 1 SEM

F = 6.01
df = 1, 6.02
P < 0.05
± 1 SEM

F = 4.20
df = 1, 6.02
P < 0.09
± 1 SEM

a

Density (bugs/row-m)

0.3

a

0.2

b

a
0.1

a
b

0
Adults

Nymphs
Ground cloth

Total

Sweep net

Figure 1.4. Comparsion of bug density (bugs/row-m) for direct sampling
methods for adults, nymphs, and total stink bugs in cotton fields in South
Carolina (2007-2008). Analyzed using mixed-model analysis of variance
(ANOVA) (Proc MIXED, SAS). Methods within columns with letters in
common are not significantly different based on differences between least
square means, p < 0.05.
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CHAPTER 2
SPATIAL-TEMPORAL ANALYSES OF POPULATIONS OF STINK BUGS
(HETEROPTERA: PENTATOMIDAE) IN COTTON

ABSTRACT
Stink bugs were sampled in cotton fields during 2007 and 2008 in South
Carolina. Fields were divided into 0.4-ha (1-acre) grids and sampled directly for
stink bugs (adults and nymphs) using a ground cloth (0.91 x 0.91 m) and a
sweep net (38.1 cm), and indirectly by dissection of bolls for internal symptoms of
feeding. The pattern of dispersion for bugs was aggregated for much of the
season, with the greatest levels of aggregation for immature bugs and total bugs
occurring in mid season based on the variance to mean ratio.

The time of

season was not significant for densities of adults, nymphs, and total bugs;
however boll injury increased significantly (P < 0.05) as the growing-season
progressed. The spatial effect was significant for densities of nymphs, total bugs
(adults and nymphs), and boll injury. Densities of bugs and boll injury in grids
located along the periphery of the fields were greater than those from central
grids. Spatial-temporal interaction was significant for total bugs and nymphs.
The results demonstrate spatial-temporal variations for stink bugs and boll injury
were significant and could be used to develop site-specific management
programs.
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INTRODUCTION
Phytophagous pentatomids are important pests of cotton, Gossypium
hirsutum L., in South Carolina and other southeastern states.

Before the

systematic eradication of the boll weevil, Anthonomous grandis grandis
Boheman, and introduction of genetically modified varieties of cotton containing
transgenes from Bacillus thuringiensis (Bt), stink bugs were not considered an
economic pest in cotton. Because the production of cotton no longer requires
numerous

applications

of

broad-spectrum

insecticides

for

controlling

lepidopterous pests, coincidental control of stink bugs has diminished
significantly (Greene et al. 2001a). Yield losses attributed to stink bugs have
increased from 0.22% in 1995 to 7.0% in 2005 in South Carolina (Williams 1996,
2006). During that same decade, insecticide applications specifically targeted for
stink bugs increased from 0.1 to 2.0 per season (Williams 1996, 2006).
The complex of boll-feeding bugs is comprised of a number of species of
plant bugs (Heteroptera: Miridae) and stink bugs (Heteroptera: Pentatomidae).
In the Southeast, green stink bug, Acrosternum hilare (Say), brown stink bug,
Euschistus servus (Say), and southern green stink bug, Nezara viridula (L.) are
the most important species. Within the Southeast, the distributions and densities
of these species vary from year to year, with A. hilare and E. servus being more
prevalent in the Carolinas and N. viridula more common in Georgia (Bacheler et
al. 2006). Stink bugs damage cotton by feeding on developing bolls, resulting in
boll deformation, reduced yield and lint/seed quality, and possible abscission of
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the boll (Barbour et al. 1990, Greene et al. 2000, Goerger et al. 2006,
Bommireddy et al. 2007).
Stink bugs are highly polyphagous insects that can feed on a wide
variety of cultivated and non-cultivated hosts before dispersing from those areas
into cotton fields (Toscano and Stern 1976b, Jones and Sullivan 1982, Panizzi
1997, McPherson and McPherson 2000). Corn, Zea mays L. (Apriyanto et al.
1989), soybean, Glycine max (L.) Merr. (Smith et al. 2009), and peanut, Arachis
hypogaea L. (Tillman 2008b), are recognized as potential sources for stink bugs
and are planted on considerable acreage (approximately 350,000; 600,000;
60,000 respectively) and in close proximity to cotton in South Carolina. Planting
of other host crops near cotton increases the probability of significant infestations
of stink bugs in cotton (Bagwell and Sharp 2006), especially after those hosts
senesce or become less desirable as a food source (Bundy and McPherson
2000, Jones et al. 2001, Ottens et al. 2005).
To improve sampling and management of stink bugs in cotton in the
southeastern USA, a better understanding of their spatial and temporal dispersal
among cropping systems and habitats is needed. The major objective of this
research was to quantify spatial and temporal variations in populations of stink
bugs in cotton in the context of a complex and variable farmscape.
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METHODS AND MATERIALS
Site Description, Experimental Design, and Sampling Methods
Populations of stink bugs and boll injury were monitored in 3 cotton fields
in 2007 and 4 in 2008 in Barnwell and Bamberg Counties in South Carolina
(Table 2.1). Field size ranged from 4.45 to 12.1 ha with an average of 8.9 ha.
Fields were planted with dual-Bt-gene transgenic cotton, DeltaPine 164 Bollgard
2, Roundup Ready Flex (B2RF) or Stoneville 4554 B2RF, with a row spacing of
96.5 cm. Field boundaries were mapped using a hand-held global positioning
system (GPS) receiver and overlaid with 0.4-ha (1-acre) grids, using FarmWorks
software (v12.20.317, CTN data Service, Inc).

Sampling points were in the

center of each grid and marked with a 1.83-m (6-ft) flag (Figure 2.1). Within each
grid, using the flag as a reference point, three sampling methods were used: (1)
ground cloth (0.91 × 0.91 m) on 3.66 meters of row, (2) sweep net (38.1 cm
diameter) to take 2 double-row 25 sweep samples, and (3) boll-injury sampling,
whereby 20 quarter-sized bolls were excised and examined for internal feeding
injury (callus growths [warts] and stained lint) from stink bugs. The ground cloth
was made of white canvas with wooden dowel rods sewn into two sides. The
cloth was placed on the ground between two rows, and plants from both rows
adjacent to the cloth were shaken vigorously over the cloth to dislodge insects.
Sweep-net samples were taken using a 38.1-cm sweep net by swinging the net
through the canopy of two rows in front of the sampler while walking forward
between them. Boll-injury sampling was initiated when bolls of the proper size
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and firmness (approximately 2.5 cm in diameter and pliable when squeezed
between the thumb and forefinger) were present at all sampling locations within
each field.
Sampling was conducted within each grid weekly from the first two weeks
of bloom until acquisition of bolls of the proper size and firmness, as previously
described, were not available.

Grids were subdivided into quadrants, and

sampling rotated weekly among the quadrants to ensure adequate time for
recovery of plants and insects after disturbance. The green stink bug, southern
green stink bug, and brown stink bug were recorded separately.

All other

phytophagous species of stink bugs were grouped and recorded in one category.
Adults and nymphs were recorded for each species. For the ground cloth and
sweep net, insects were identified in the field, and no attempt was made to
determine absolute densities of the species sampled.
Mapping and Statistical Analyses
FarmWorks (v12.20.317, CTN Data Service, Inc) software was used to
create spatial maps of the distribution of total stink bugs (Figures 2.2-2.8) and
internal boll injury (Figures 2.9-2.15) for each date of sampling.

Data were

contoured on a cell resolution of 12.2 m using the average method with 50%
smoothing.

The average method uses all of the points within the cell size

entered in the cell resolution and weights them all the same (Farm Site X2
Reference Guide 2006).

Counts from ground-cloth and sweep-net sampling

were summed for each grid to represent total bugs for each date of sampling.
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Estimates of sampling dispersion of stink bugs for each field were made
using the variance  to mean ( ) ratio:





This ratio was used to classify the patterns of dispersion for total bugs (adults
and nymphs) (Figure 2.16), nymphs (Figure 2.17), and adults (Figure 2.18) for
each field. The dispersion pattern of a population was determined to be uniform
(F < 1), random (F  1), or aggregated (F > 1) (Davis 1993, Wilson 1993).
Numbers of bugs (adults, nymphs, and total bugs) for each direct method
(ground cloth and sweep net) in each grid were transformed for each sampling
method to densities of bugs (bugs/row-m). The transformation formulas were
based on the proportion of plant sampled for each method using the
measurements of plant height.

For the ground cloth, the entire plant was

sampled each time regardless of plant height. Numbers of bugs were divided by
3.66, the amount of row-m sampled in each grid, to calculate bugs/row-m for the
ground cloth. The formula used to calculate bugs/row-m for the ground cloth was:

Numbers of bugs for the sweep net were converted using the formula:

29

where number of bugs is the number of bugs sampled in a grid from 50 doublerow sweeps with a sweep net. The actual row-m sampled (38.1) was calculated
based on the diameter of the sweep net (38.1 cm) and 50 double-row sweeps in
each grid.

The percentage of plants sampled (net diameter [38.1 cm]/plant

height) was based on the diameter of the sweep net and the average plant height
for 10 plants in each grid.

This part of the equation takes into account the

proportion of plant sampled; as plant height increased, the percentage of plants
sampled decreased. The assumption that bugs were evenly distributed vertically
within the plants was made.
Grids were classified based on their location within each field: peripheral if
one boundary of the grid was along the periphery of the field and central if the
grid was bordered by cotton on all four sides (Figure 2.19). Densities of adults,
nymphs, and total bugs (bug/row-m) and percentages of injured bolls over all
fields were analyzed using mixed-model analysis of variance (ANOVA) for
averages for each portion of the growing season (early, mid, and late) at each
grid. The procedure PROC MIXED (SAS Institute v9.1, 2004), with degrees of
freedom adjustments following the Kenward-Roger method (Kenward and Roger
1997), was used to model the relationship of sampling location (central grid,
peripheral grid), portion of growing season (early season, mid season and late),
and interaction between these two factors (Table 2.2). A REPEATED statement
was included to account for correlation among measurements taken at the same
grid over time (GROUP = portion of growing season).
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To analyze data

temporally, sampling dates were consolidated into three groups based on
measurements of crop phenology: (1) early season – ≥ 6 nodes above white
flower (NAWF) (2) mid season – 5 to 3 NAWF (3) late season – ≤ 2 NAWF.
Random effects in this analysis were field, grid(field), grid location*field, portion of
season*field, and grid location*season*field. Significant interactions were further
analyzed using the slice option of the LSMEANS statement in PROC MIXED.

RESULTS
Mapping
The number of adult stink bugs gradually increased during early season
and in some cases into mid season (Figures 2.2-2.8).

Nymphs were first

collected in mid season. Nymphs and adults were highly aggregated in many of
the fields. During mid season and late season, numbers of total bugs generally
increased and degree of aggregation decreased as the population aged with
bugs present in more grids. Because these fields were untreated, boll injury
increased throughout much of the season and tended to occur at high levels in
grids where densities of bugs were elevated one to two weeks prior (Figures 2.92.15).
Fields 4 and 5 (Figures 2.5-2.6, 2.12-2.13) had low bug pressure. Due to
drought conditions, these fields matured rapidly thus limiting the number of
sampling dates.

Field 7 experienced the highest pressure from stink bugs

(Figures 2.8, 2.15). Densities and boll injury were much greater in Field 7 than in
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any other field.
Species comparison
Overall, adult bugs represented 52% (n = 842) of stink bugs sampled,
while nymphs comprised 48% (n =790) of the total.

The majority of bugs

sampled were green stink bugs (GSB) (78%, n = 1274) followed by southern
green stink bugs (SGSB) (9%, n = 143), brown stink bugs (BSB) (8%, n = 137)
and other phytophagous species (5%, n = 78).
Dispersion Patterns
Only four dates indicated a dispersion pattern of total bugs that was not
aggregated (uniform, n = 3, random, n = 1) out of all of the sampling dates for the
seven fields (Figure 2.16). Degree of aggregation was greater for nymphs (4.05
± 4.07 SD) when compared to adults (1.59 ± 0.71 SD) (Figures 2.17-2.18). For
the majority of sampling dates total bug populations were aggregated (n = 42),
based on the sample variance to mean ratio. The highest levels of aggregation
for total bugs and nymphs were during mid season (~210-240 Julian dates). The
sampling dates are used as a reference point and may differ for earlier or later
planting dates.
Statistical Analyses
Spatial Effect (Peripheral and Central Grids)
There was a significant spatial effect on density (bugs/row-m) of nymphs
(P < 0.05) (Table 2.2) with greater density of nymphs in grids on the periphery
(0.2033 bugs/row-m ± 0.08 SEM) of fields than in central grids (0.08632 ± 0.08
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SEM). The spatial effect was significant for total bugs (P < 0.05), with greater
numbers of stink bugs in peripheral grids (0.3250 ± 0.09 SEM) than central grids
(0.1601 ± 0.10 SEM). However, the density of adults was not spatially significant
(P = 0.08), although it did follow the same numerical trend of being greater in
peripheral grids (0.1213 ± 0.02 SEM) than in central grids (0.07362 ± 0.02 SEM).
There was a significant spatial effect on the percentage of bolls with symptoms of
internal feeding injury (P < 0.05), again with greater incidence from peripheral
grids (19.7257 ± 2.68 SEM) than from central grids (15.0038 ± 2.80 SEM).
Temporal Effect (Month)
Densities of adults, nymphs, and total bugs were not significantly affected
by portion of season for temporal effect (P > 0.05) (Table 2.2). Boll injury was
significantly lower in early season (7.90 ± 4.28 SEM) then increased in both mid
(19.29 ± 3.93 SEM) and late season (26.46 ± 5.68 SEM).
Spatial-Temporal Interaction
There were no significant spatial-temporal interactions (P > 0.05) for
density of adults or boll injury (Table 2.2).

However, this interaction was

significant (P < 0.05) for density of nymphs and total bugs. Densities of nymphs
and total bugs were greater in peripheral grids for early, mid, and late seasons
and densities increased as the season progressed.

DISCUSSION
Results demonstrated stink bugs emigrate from surrounding habitats and
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crops into cotton, where they reproduce and feed on developing bolls.
Populations of total stink bugs reached the highest levels of aggregation in mid
season (~weeks 4-7 of bloom) due to continued emigration of adults into cotton
and reproduction by the colonizing generation. Management practices for stink
bugs are most effective at minimizing boll damage during this time period
(Bacheler et al. 2006). As with other studies of dispersal behavior of immature
bugs in soybean (Panizzi et al. 1980), nymphs tend to highly aggregate during
initial stadia (2nd and 3rd) and disperse in later stages (4th and 5th instars) in
cotton. Information concerning the movement of immature stink bugs is critical
for management in cotton because later instars can cause more economic
damage than adults or earlier instars (Greene et al. 1999). Also, because of the
indeterminate growth of cotton, new bolls are continuously available, making it
necessary to regularly monitor bolls for injury. Because bolls aged less than 2529 days after anthesis are susceptible to significant injury from stink bugs (Lee et
al. 1999, Willrich et al. 2004, Greene et al. 2005), the window of monitoring and
protection can last for many weeks (typically3-7 weeks of bloom).
Significant spatial variation between peripheral and central grids existed
for nymphs, total bugs, and boll injury, but the analysis demonstrated no
significant spatial variation for adults. In all instances, grids on the periphery of
fields supported greater densities of stink bugs and boll injury than central grids.
Flinn et al. (1990) found similar results when examining the spatial variation in
density of the potato leafhopper, Empoasca fabae (Harris), in alfalfa.
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Populations of rice stink bugs, Oebalus pugnax (Fabricius), also are aggregated
in rice fields (Foster et al. 1989).
Because of the aggregated nature of stink bugs and boll injury, a sitespecific management technique could be warranted.

Spatially variable

insecticide (SVI) applications have the potential for cost savings of 35% (Bethel
et al. 2002) and a reduction in pesticide usage of 40-60% (Dupont et al. 2000) for
controlling tarnished plant bugs in cotton, with no significant yield loss when
compared with whole-field treatments.

Economic benefits for producers are

desired, but site-specific treatments also have ecological benefits. By treating
parts of fields where densities of pestiferous insects are above economic
thresholds and leaving other areas untreated, insecticide resistance can be
delayed and natural enemies preserved.

SVI technology has been studied

substantially in the Mid-south for control of tarnished plant bug, Lygus lineolaris
(Palisot de Beauvois), and other arthropods (Dupont et al. 2000, Sudbrink et al.
2001, Leonard et al. 2002). However, the application of SVI in the Southeast for
management of stink bugs has yet to be researched.
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Table 2.1. Characteristics of cotton fields monitored for stink bugs and boll injury in South Carolina,
2007-2008.
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Designation

County

Year

Size
(ha)

Variety

Planting date

No. of
grids

Adjacent habitats/crops

Field 1

Barnwell

2007

6.9

DeltaPine 164 BG2 RF

30 April, 2007

17

cotton, peanut, woods

Field 2

Barnwell

2007

12.1

Stoneville 4554 B2 RF

4 May, 2007

25

cotton, corn, peanut, soybean,
sunflower

Field 3

Bamberg

2007

8.1

DeltaPine 164 BG2 RF

-

20

woods, cotton

Field 4

Barnwell

2008

7.8

DeltaPine 164 BG2 RF

2 May, 2008

15

cotton, corn, peanut, soybean,
sunflower

Field 5

Barnwell

2008

4.5

DeltaPine 164 BG2 RF

22 April, 2008

11

woods

Field 6

Barnwell

2008

11.8

DeltaPine 164 BG2 RF

22 April, 2008

27

cotton, corn, pecans, woods

Field 7

Bamberg

2008

10.8

DeltaPine 164 BG2 RF

-

26

cotton, peanut, woods
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Table 2.2. Effects of grid location (peripheral/central) and time (portion of
growing season) of sampling for density of bugs (per row-m) and boll
injury in South Carolina cotton fields (2007-2008) using a repeatedmeasures analysis of variance (ANOVA) (PROC mixed, SAS). † repeated
measure was omitted from the model to meet convergence criteria. *
indicates significant departure from zero, p < 0.05.
Test

Effect

F-value

df

Pr > F

Peripheral/Central

3.90

1, 7.62

0.0856*

Peripheral/Central

9.46

1, 156

0.0025*

Total bugs

Peripheral/Central

10.53

1, 111

0.0016*

Boll injury

Peripheral/Central

11.08

1, 57.7

0.0015*

Adults

Time

2.14

2, 9.13

0.1735*

Time

1.46

2, 8.79

0.2839*

Total bugs

Time

1.76

2, 8.87

0.2270*

Boll injury

Time

4.72

2, 9.63

0.0372**

Adults

Time* Peripheral/Central

0.39

2, 118

0.6769*

Time* Peripheral/Central

3.49

2, 228

0.0323*

Total bugs

Time* Peripheral/Central

3.64

2, 106

0.0295*

Boll injury

Time* Peripheral/Central

3.09

2, 19.8

0.0681*

Adults
Nymphs

Nymphs
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Nymphs

†

†

†
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Figure 2.1. Field boundary and 0.4-ha (1-acre) grid with sampling points in
the center of each grid for cotton field monitored for stink bugs and boll
injury in South Carolina (2007-2008).
38
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Figure 2.2. Number of total stink bugs (adults and nymphs combined from ground cloth and sweep net
samples) per grid in cotton (Field 1,, 6.9 ha) in Barnwell County, South Carolina, and planted 30 April 2007
with DP 164 BG2 RF. Seventeen (17) grids were sampled weekly from anthesis. Asterisk ((*) indicates
when nymphs were first detected.
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Figure 2.3. Number of total stink bugs (adults
and nymphs combined from ground cloth and
sweep net samples) per grid in cotton (Field 2,
12.1 ha) in Barnwell County, South Carolina, and
planted 4 May, 2007 with ST
S 4554 B2 RF.
Twenty-five (25) grids were sampled weekly
from anthesis.
Asterisk (*) indicates when
nymphs were first detected.
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Figure 2.4. Number of total stink bugs (adults and nymphs combined from
ground cloth and sweep net samples) per grid in cotton (Field
(
3, 8.1 ha) in
Bamberg County, South Carolina, and planted with DP 164 BG2 RF.
RF
Twenty (20
(20) grids were sampled weekly from anthesis.
anthesis
Asterisk (*)
indicates when nymphs were first detected.
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Figure 2.5. Number of total stink bugs (adults and nymphs combined
from ground cloth and sweep net samples) per grid in cotton (Field 4,
7.8 ha) in Barnwell County, South Carolina, and planted 2 May 2008 with
DP 164 BG2 RF. Fifteen (15) grids were sampled weekly from anthesis.
anthesis
Asterisk (*) indicates when nymphs were first detected.

42

43

Figure 2.6. Number of total stink bugs
(adults and nymphs combined from
ground cloth and sweep net samples) per
grid in cotton (Field 5, 4.5 ha) in Barnwell
County, South Carolina, and planted 22
April 2008 with DP 164 BG2 RF. Eleven
(11) grids were sampled weekly from
anthesis. Asterisk (*) indicates when
nymphs were first sampled.
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Figure 2.7. Number of total stink bugs (adults and nymphs combined from ground cloth and sweep net
samples) per grid in cotton (Field 6,, 11.8 ha) in Barnwell County, South Carolina, and planted 22 April 2008
with DP 164 BG2 RF. Twenty-seven
seven (27) grids were sampled weekly from anthesis. Asterisk (*) indicates
when nymphs were first detected.
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Figure 2.8. Number of total stink bugs (adults and
nymphs combined from ground cloth and sweep net
samples) per grid in cotton (Field
Field 7, 10.8 ha) in
Bamberg County, South Carolina, and planted with DP
164 BG2 RF (irrigated). Twenty-six
six (26)
(26 grids were
sampled weekly from anthesis. Asterisk (*)
(* indicates
when nymphs were first detected.
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Figure 2.9. Distribution
istribution of internal boll injury in cotton (Field 1, 6.9 ha) in Barnwell County, South Carolina,
and planted 30 April 2007 with DP 164 BG2 RF. Seventeen (17) grids were sampled weekly when medium
mediumsized bolls (~2.5 cm diam) were present. Asterisk (*) indicates when nymphs were first detected using a
ground cloth and/or sweep net.
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Figure 2.10. Distribution of internal boll injury in cotton (Field 2, 12.1 ha) in Barnwell
County, South Carolina, and planted 4 May 2007 with ST 4554 B2 RF. Twenty-five (25)
grids were sampled weekly when medium
medium-sized bolls (~2.5 cm diam) were present.
present
Asterisk (*) indicates when nymphs were first detected using a ground cloth and/or
sweep net.
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Figure 2.11. Distribution
istribution of internal boll injury in cotton (Field 3, 8.1 ha) in Bamberg County, South
Carolina, and planted with DP 164 BG2 RF in 2007.. Twenty (20) grids were sampled weekly when mediummedium
sized bolls (~2.5 cm diam) were present. Asterisk (*) indicates when nymphs were first detected using a
ground cloth and/or sweep net.
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Figure 2.12. Distribution of internal boll injury in cotton
(Field 4, 7.8 ha) in Barnwell County, South Carolina, and
planted 2 May 2008 with DP 164 BG2 RF. Fifteen (15) grids
were sampled weekly when medium-sized
sized bolls (~2.5 cm
diam) were present. Asterisk (*) indicates when nymphs
were first detected using a ground cloth and/or sweep net.
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Figure 2.13. Distribution of internal boll injury in
cotton (Field 5, 4.5 ha) in Barnwell County, South
Carolina, and planted 22 April, 2008 with DP 164 BG2
RF. Eleven (11) grids were sampled weekly when
medium-sized
sized bolls (~2.5 cm diam) were present.
present
Asterisk (*) indicates when nymphs were first
detected using a ground cloth and/or sweep net.
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Figure 2.14. Distribution of internal boll injury in cotton (Field 6, 11.8 ha) in Barnwell County,
South Carolina, and planted 22 April 2008 with DP 164 BG2 RF. Twenty-seven
Twenty
(27) grids
were sampled weekly when medium
medium-sized
sized bolls (~2.5 cm diam) were present.
present Asterisk (*)
indicates when nymphs were first detected using a ground cloth and/o
and/orr sweep net.
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Figure 2.15. Distribution
istribution of internal boll injury in cotton (Field 7, 10.8 ha) in Bamberg County, South
Carolina, and planted with DP 164 BG2 RF (irrigated) in 2008. Twenty-six
six (26) grids were sampled weekly
when medium-sized
sized bolls (~2.5 cm diam) were present. Asterisk (*) indicates when nymphs were first
detected using a ground cloth and/or sweep net.
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Figure 2.16. Dispersion patterns of total stink bugs (combined number of
bugs from ground cloth and sweep net samples) for each sampling date
based on F-ratio (sample variance to mean) for cotton fields sampled
during 2007 and 2008 in South Carolina. Line indicates F = 1 (random
dispersion). Points to the left of the line indicate F < 1 (uniform dispersion)
and points to the right of the line indicate F > 1 (aggregated dispersion).
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Nymphs
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Variance to mean ratio
Figure 2.17. Dispersion patterns of immature stink bugs (combined
number of bugs from ground cloth and sweep net samples) for each
sampling date based on F-ratio (sample variance to mean) for cotton fields
sampled during 2007 and 2008 in South Carolina. Line indicates F = 1
(random dispersion). Points to the left of the line indicate F < 1 (uniform
dispersion) and points to the right of the line indicate F > 1 (aggregated
dispersion).
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Adults
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Figure 2.18. Dispersion patterns of adult stink bugs (combined number of
bugs from ground cloth and sweep net samples) for each sampling date
based on F-ratio (sample variance to mean) for cotton fields sampled
during 2007 and 2008 in South Carolina. Line indicates F = 1 (random
dispersion). Points to the left of the line indicate F < 1 (uniform dispersion)
and points to the right of the line indicate F > 1 (aggregated dispersion).
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Figure 2.19. Representation of grid classification for cotton fields sampled in South Carolina (2007-2008).
(2007
Grids were classified as peripheral if at least one boundary of the grid was along the periphery of the field
and central if the grid was bordered by cotton on all four sides. Northeast margin of Field 7 was bordered
by cotton of a different variety and was not sampled, however those grids adjacen
adjacentt to that area were
designated central. Central n = 50; Peripheral n = 93.
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CHAPTER 3
EFFECTS OF ADJACENT HABITAT ON POPULATIONS OF STINK BUGS
(HETEROPTERA: PENTATOMIDAE) IN COTTON AS PART OF A VARIABLE
AGROECOSYSTEM

ABSTRACT
The distribution of phytophagous stink bugs and associated boll injury in margins
of cotton fields bordering various agronomic crops and woodlands were studied
in 2007 and 2008. Four commercial cotton fields, ranging in size from 8.1 to 12.1
ha in Barnwell and Lee Counties, SC, were sampled weekly along predetermined
transects at 0, 5, 10, and 25 m from the outside margin into the cotton field.
Stink bugs were sampled using a ground cloth (0.91 x 0.91 m) and quarter-sized
bolls (~2.5 cm in diameter) were collected and examined for internal damage.
Density (bugs/row-m) of total stink bugs (adults plus nymphs) was greatest in
cotton adjacent to peanut. Boll injury was significantly greater in cotton adjacent
to soybean and peanut than in cotton next to other habitats, including corn,
cotton, and woodlands, during mid season. Density of nymphs was greatest in
cotton adjacent to peanut during mid and late season. Densities of total stink
bugs and adults were greatest in cotton immediately adjacent (0 m) to all
bordering crops and decreased as distance from the margin increased. Boll
injury was greatest in cotton immediately adjacent (0 m) to the bordering crop in
mid and late season.

Because densities of stink bugs and boll injury vary
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spatially and temporally along field margins of cotton and can vary significantly
based on the adjacent crop, such factors should be considered when developing
IPM strategies in cotton.

INTRODUCTION
Stink bugs (Heteroptera: Pentatomidae) have become economically
important pests of cotton, Gossypium hirsutum (L.), in South Carolina and other
southeastern states (Greene et al. 2001a), primarily as a result of changes in
production practices. Management of pestiferous insects in southeastern cotton
no longer involves numerous applications of broad-spectrum insecticides for
major pests, such as boll weevil, Anthonomous grandis grandis Boheman,
bollworm, Helicoverpa zea (Boddie), and tobacco budworm, Heliothis virescens
(Fabricius), that traditionally provided coincidental control of stink bugs (Greene
et al. 2001b). Under contemporary production practices, the boll weevil has been
eradicated and growers have widely adopted genetically-modified cotton
containing transgenes from Bacillus thuringiensis (Bt) (95% of acreage planted in
South Carolina in 2007) (Williams 2008).
The complex of boll-feeding bugs in cotton comprises several species of
plant bugs (Heteroptera: Miridae) and stink bugs (Heteroptera: Pentatomidae).
In the Southeast, the green stink bug, Acrosternum hilare (Say), brown stink bug,
Euschistus servus (Say), and southern green stink bug, Nezara viridula (L.), are
the predominant pests. Along with other phytophagous pentatomids, they reduce
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yield and lint quality by feeding on developing bolls resulting in boll deformation,
reduced yield and lint/seed quality, and possible boll abscission (Wene and
Sheets 1964, Toscano and Stern 1976a, Barbour et al. 1990, Greene et al. 2000,
Willrich et al. 2004, Roberts et al. 2005, Goerger et al. 2006, Bommireddy et al.
2007). Their feeding also allows entry of microorganisms that can contribute to
physiological damage and degradation of fruit (Watkins 1981, Verma 1986,
Panizzi 1997). Yield losses in South Carolina attributed to stink bugs peaked in
2005 at 7%, seven times the losses attributed to bollworm, a perennial pest
(Williams 2006).
Fluctuation of commodity prices and crop-rotation requirements
necessitate that cotton be surrounded by a variety of crops rather than planted in
a large monoculture system.

Furthermore, small fields are common in the

Southeast, allowing the division of cultivated systems into relatively small units.
This system, along with the adoption of conservation tillage and the Conservation
Reserve Program (CRP), allows crops to be bordered by an abundance of noncultivated plants that can host stink bugs (Panizzi 1997, Peters et al. 2004).
Because stink bugs can feed on a wide variety hosts (Jones and Sullivan 1982,
McPherson and McPherson 2000) before migrating into cotton fields (Toscano
and Stern 1976b, Thomas and Marshall 1999), planting of other host crops near
cotton increases the probability of significant infestations of stink bugs in cotton
(Bagwell and Sharp 2006), especially after those hosts senesce or become less
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desirable as a food source (Bundy and McPherson 2000, Jones et al. 2001,
Ottens et al. 2005).
Many studies address the dispersal and movement of stink bugs within
and between different crops and habitats (Zalom et al. 1996, Leskey and
Hogmire 2005, Tillman 2006a, Outward et al. 2008, Toews and Shurley 2009);
however, numerous questions remain about the influence of adjacent agronomic
crops and wild hosts on stink bug movement to, and development along, the
margins of cotton fields. To address these critical questions, the objectives of
this study were to (1) determine the distribution of phytophagous species of stink
bugs in cotton edges and adjacent habitats, (2) examine the distribution of boll
injury caused by stink bugs within the same boundaries, and (3) document the
influence of adjacent crops and uncultivated habitats on the distribution of stink
bugs and boll injury in cotton peripheries.

METHODS AND MATERIALS
Site Description, Experiment Design, and Sampling Methods
Sampling was conducted during 2007 and 2008 in commercial fields of
cotton in Barnwell and Lee Counties, SC. Fields were 8.1-12.1 ha (20-30 acres)
and surrounded by a variety of cultivated crops and habitats, including peanut,
corn, cotton, sunflower, soybean, and woods (Table 1). Transects (2 or 3 per
habitat/crop surrounding each field) were established from the perimeter of each
field and were classified based on the adjacent habitat or crop (Figure 1).
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Sampling locations were designated along each transect at 0, 5, 10, and 25 m,
with 0-m sampling on the first row, and marked using 1.83-m (6-ft) flags.
Stink bugs were sampled nondestructively at each location directly using
a 0.91 x 0.91 m white canvas ground cloth with wooden dowel rods sewn into
two sides. The cloth was placed on the ground between two rows, and plants
from both rows next to the cloth were shaken vigorously over the cloth to
dislodge insects. Ground-cloth sampling was initiated during the first two weeks
of bloom. In Barnwell County, 1.83 meters of row were sampled at each location
on each transect; in Lee County, 3.66 meters of row were sampled at each
location on each transect. The green stink bug (GSB), southern green stink bug
(SGSB), and brown stink bug (BSB) were recorded separately.

All other

phytophagous species of stink bugs (e.g. red-shouldered stink bug, Thyanta
custator accerra McAtee, red-banded stink bug, Piezodorus guildinii (Westwood),
rice stink bug, Oebalus pugnax (Fabricius), dusky stink bug, E. tristigmus, onespotted stink bug, E. variolarius) were grouped and recorded in one category.
Life stage (adult or nymph) was recorded for each species.

Field-collected

individuals representing each major species of the stink bug complex in South
Carolina cotton were deposited in the Clemson University Arthropod Collection
as voucher specimens.
Presence of stink bugs was estimated indirectly by examining bolls for
signs of their feeding injury and bolls were designated as “injured” by stink bugs if
a callus growth on the interior of the carpel wall and/or stained lint was present
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(Wene and Sheets 1964, Greene et al. 1999, Toews et al. 2008).).

Bolls

sampled were approximately 2.5 cm in diameter and were pliable when
squeezed between the thumb and forefinger. Sampling began when bolls of the
proper size and firmness were present at all sampling locations and ceased
when bolls of the proper size and/or firmness could no longer be found. Ten
bolls were collected at each sampling location in Barnwell County in both years
and in 2008 in Lee County.
Analyses
Density per row-meter for adults, nymphs and total bugs, and
percentage of injured bolls over all fields were analyzed using repeatedmeasures analysis of variance (ANOVA) for means over the entire growing
season. The procedure PROC MIXED (SAS Institute v9.1, 2004), with degrees
of freedom adjustments following the Kenward-Roger method (Kenward and
Roger 1997), was used to model the relationship of distance from field margin (0,
5, 10, and 25 m), adjacent crop/habitat (cotton, corn, soybean, and woods), and
interaction between these two factors to response variables. To account for the
correlation that may exist within individual transects, a REPEATED statement
was included with a spatial power covariance structure. Random effects used in
the analysis were field, field*transect (crop), field*crop, field*distance, and
field*crop*distance. Transects in cotton adjacent to sunflower were sampled in
2007, but due to the small interface with cotton and limited sampling data, those
data were not included in analyses.
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To analyze data temporally, sampling dates were consolidated into three
groups based on measurements of crop phenology: (1) early season – ≥ 6 nodes
above white flower (NAWF) (2) mid season – 5 to 3 NAWF (3) late season – ≤ 2
NAWF. Again, a mixed-model analysis of variance (ANOVA) (PROC MIXED),
with degrees of freedom adjustments following the Kenward-Roger method
(Kenward and Roger 1997), was used to model the relationship of distance from
field margin (0, 5, 10, and 25 m), adjacent crop/habitat (cotton, corn, soybean,
and woods), and interaction between these two factors to response variables for
means of each portion of the growing season (early, mid, and late). To account
for the correlation that may exist within individual transects, a REPEATED
statement was included with a spatial power covariance structure. The analysis,
as described, was conducted separately for each sampling date. The random
effect in these analyses was transect*field (crop).

RESULTS
Species Composition
Species composition varied among fields and between years. Overall,
adult bugs represented 72% (n = 519) of stink bugs sampled, while nymphs
comprised 28% (n = 202) of the total. The majority of bugs sampled were brown
stink bugs (BSB) (37.9%, n = 273) and green stink bugs (GSB) (33.6%, n = 242),
followed by southern green stink bugs (SGSB) (21.9%, n = 158).
Overall analysis
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No significant crop effect on densities (bugs/row-m) of adults and
nymphs, or boll injury was observed (Table 2).

However, crop effect was

significant for the density of total bugs (adults and nymphs combined), with
densities significantly greatest in cotton adjacent to peanut (Figure 2). Distance
effect was significant for the density of adult stink bugs sampled at various
distances (0, 5, 10, 25 m) into cotton from the periphery, with densities at 0 m
two-fold greater than at 10 and 25 m (Figure 3). A significant distance effect for
density of total bugs was also seen, with densities at 0 m significantly greater
than those at 5, 10, and 25 m (Figure 3). Overall distance effects were not
significant for density of nymphs and boll injury (Table 2). Interaction between
the adjacent crop/habitat and distance from the field margin were not significant
for densities of adults, nymphs and total bugs, and boll injury (Table 2).
Temporal analyses
Densities of adults and total bugs were significantly greater in cotton
adjacent to soybean at 0 m when compared with densities in all other
habitats/crops and distances during early season (Figure 4). No significant crop
or distance effects were observed during the early season for total bugs, adults,
nymphs, or boll injury (Table 2). Densities for total bugs, adults, and nymphs
were significantly greater in cotton adjacent to peanut than in all other crops and
habitats during mid season (Figure 2). During mid season, boll injury was over
ten percent greater in cotton adjacent to soybean and peanut than in cotton or
corn, with intermediate injury in cotton adjacent to woods (Figure 2). Densities of
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adults and total bugs, and boll injury for mid season were significantly greater at
0 m than at the other distances during mid and late season (Figure 3).

As

observed during mid season, densities of total bugs and nymphs during late
season were significantly greater in cotton adjacent to peanut than any other
habitat/crop.

Densities of adults were greatest in transects associated with

soybean during late season and were significantly greater than transects
associated with cotton or corn (Figure 2).

DISCUSSION
The results suggest that stink bugs emigrate from surrounding habitats
and crops along the margins of cotton fields where they reproduce and feed on
developing bolls as mid-to-late season pests. The results from this and other
studies indicate that control of stink bugs will likely be more critical in cotton
adjacent to soybean (Bagwell and Sharp 2006) and peanut (Tillman 2006,
2008a, 2008b; Toews and Shurley 2009) than in cotton near woods, corn, and
other cotton fields. Toscano and Stern (1976b), Zalom et al. (1996), and Espino
et al. (2008) also found greater densities of stink bugs in samples taken nearest
the field margin than samples farther within the field adjacent to other agronomic
crops. From the standpoint of maximizing cultural control of stink bugs, these
data suggest that cotton should be isolated as much as possible from other crops
that act as sources of stink bugs that may later move into cotton.
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Sunflower can be a source of stink bugs that may later infest cotton and
other cultivated hosts (Maliguido and Panizzi 1999). Although collected data
were not included as part of these analyses, our observations indicated that
sunflower should be monitored for pentatomids if planted in considerable acres
near cotton.
The strong edge effects observed in this study help explain previous
success with using trap crops to manage stink bugs. When implemented, trap
crops potentially can minimize the movement of stink bugs between crops.
These areas may then be intensively managed to prevent bugs from migrating
into adjacent fields. Because new bolls develop continuously during the growing
season, cotton is at greater risk for crop injury from stink bugs than determinant,
full-season soybeans, which have a narrower window of attractiveness (Bundy
and McPherson 2000).

Early-maturing varieties of soybeans could act as a

potential trap for stink bugs (Bundy et al. 1998, Bundy and McPherson 2000,
Gore et al. 2006). Sorghum also has potential as a trap crop for stink bugs
migrating from corn and peanut into cotton. Cotton with a sorghum trap margin
can require fewer insecticide applications to control southern green stink bugs
than cotton fields without sorghum margins (Tillman 2006a). Trap crops and
fallow/natural areas around fields can contribute to biological control of stink bugs
by increasing the movement of predators into cotton and enhancing the action of
natural enemies (Haney et al. 1996, Krauter et al. 1998, Coombs 2000, Tillman
2006a).
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Current treatment thresholds for stink bugs in South Carolina are 1 adult
or large nymph/1.83 row-m (6 row-ft) or 20% boll damage in quarter-sized bolls
(Greene et al. 2006).

In the present study, densities of bugs were above

thresholds only for adults and total bugs in cotton immediately adjacent (0 m) to
soybean during early season (~1.13 bugs/1.83 row-m) (Figure 4). Percentage of
injured bolls exceeded 20% in transects away from soybeans, peanuts, and
woodlands during mid season and surpassed the treatment threshold at 0, 5, and
10 m.

By late season, boll injury exceeded the threshold for all distances

measured.

These results confirm that detection of boll injury is a sensitive

measure of bug presence when densities of stink bugs are below treatment
thresholds, a finding consistent with other studies on stink bugs in the Mid-south
(Steede et al. 2003).

Multiple factors, including the ability of adult bugs to

disperse to different areas of the fields after feeding and additional injury caused
by other boll-feeding insects such as the tarnished plant bug, might explain the
discrepancy between observed densities of insects and injury to bolls.
Further studies are needed to examine the economic benefits of treating
field margins in a site-specific manner to optimize cost of treatment, with yield
potential as opposed to whole-field treatments in cotton. A management scheme
of this type potentially can increase yields, particularly along edges of fields (De
Snoo 1999, Blom et al. 2002). Results from this study also suggest that scouts
and consultants can detect initial bug infestations along the margins of cotton
fields.
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Table 3.1. Characteristics of cotton fields monitored for densities of stink bugs and feeding injury to bolls
in South Carolina, 2007-2008.
Designation

County

Year

Size
(ha)

Variety

Planting date

No. of
transects

Field A

Barnwell

2007

Field B

Barnwell

Field C
Field D

6.9

ST 4554 B2RF

4 May 2007

18

Corn, cotton,
sunflower

2008

11.8

DP 164 B2RF

2 May 2008

14

Corn, cotton, peanut

Lee

2007

8.5

ST 4554 B2RF

9 May 2007

15

Cotton, soybeans, woods

Lee

2008

8.1

PHY 485 WRF

15 May 2008

15

Cotton, soybeans, woods

68
68

Adjacent habitats/crops
peanut,

soybeans,

Table 3.2. Temporal effects of adjacent habitats on and proximity to densities of stink bugs and boll injury
in cotton, using a repeated-measures analysis of variance (ANOVA) (PROC mixed, SAS).
Total bugs

Adults

Nymphs

Boll injury

Test

Effect

df

F

P>F

df

F

P>F

df

F

P>F

df

F

P>F

Overall

Crop

4, 24.3

8.43

0.0002

4, 7.62

2.00

0.1919

4, 6.29

1.35

0.3506

4, 2.51

1.48

0.4117

Distance

3, 22.6

9.15

0.0004

3, 8.16

6.06

0.0181

3, 8

1.89

0.2095

3, 3.97

3.42

0.1338

12, 18.3

1.49

0.2140

12, 9.41

1.47

0.2824

12, 109

0.82

0.6336

1.26

0.4519

Crop x distance
Early
season

Crop

4, 54

2.07

0.0981

4, 54

1.80

0.1420

4, 54

0.88

0.4802

2, 11

0.61

0.5585

Distance

3, 162

1.75

0.1583

3, 162

1.86

0.1377

3, 162

0.58

0.6299

3, 33

0.88

0.4612

12, 162

2.96

0.0009

12, 162

3.04

0.0007

12, 162

1.28

0.2321

6, 33

0.80

0.5761

4, 55

12.02

<0.0001

4, 55

5.42

0.0009

4, 55

9.92

<0.0001

4, 40

3.26

0.0211

Crop x distance
Mid
season

Crop
Distance
Crop x distance
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Late
season

12, 3.9

Crop
Distance
Crop x distance

3, 165

5.87

0.0008

3, 165

4.43

0.0050

3, 165

2.23

0.0869

3, 120

5.98

0.0008

12, 165

0.45

0.9379

12, 165

0.58

0.8548

12, 165

1.21

0.2802

12, 120

0.86

0.5846

4, 41

2.97

0.0304

4, 41

2.67

0.0455

4, 41

3.19

0.0227

4, 26

2.09

0.1108

3, 123

3.27

0.0236

3, 123

4.62

0.0042

3, 123

1.08

0.3621

3, 78

4.11

0.0092

12, 123

1.02

0.4317

12, 123

0.95

0.5048

12, 123

0.73

0.7159

12, 78

1.58

0.1160
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Figure 3.1.
1. Generalized arrangement of sampling transects into cotton field
(center) from adjacent bordering crops
crops. Transects not to scale
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ab

0.08

b

0.04
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b

b

b

b
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corn
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0.16

0.04

b

a

a
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b

b
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20
10
0
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woods
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Figure 3.2. Effects of crops on densities of stink bugs and boll injury as
measured by transect sampling into cotton away from adjacent habitats.
Within charts, bars with letters in common are not significantly different
based on differences of least square means, p < 0.05.
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b
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Figure 3.3. Effect of distance on densities of stink bugs and boll injury as
measured by transect sampling into cotton away from adjacent habitats.
Within charts, bars with letters in common are not significantly different
based on differences of least square means, p < 0.05.
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Figure 3.4. Crop/Distance interaction for density of total and adult stink
bugs during early season as measured by transect sampling into cotton
away from adjacent habitats.
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CONCLUSIONS
The ground cloth was more efficient (bugs/minute and bugs/row-m) than
the sweep-net for sampling stink bugs in cotton. Examination of bolls for internal
indications of feeding was the most time consuming method but the most
sensitive method to detect the presence of stink bugs. The positive correlation of
density of adults to plant height and normalized difference vegetative index
(NDVI) is encouraging for the development and research of using these variables
of plant phenology for pest management.
Populations of stink bugs were aggregated for most of the growing season
within cotton fields based on variance/mean ratios. Also, the density of bugs and
boll injury were significantly greater in peripheral grids than central grids. Along
field margins, densities of stink bugs were greatest on the first row and
decreased as distance into the cotton field increased. In addition, density of stink
bugs and boll injury were highest in cotton adjacent to soybean and peanut
fields.

These results demonstrate the existence of spatial and temporal

variations in populations of stink bugs and boll injury along field margins and
within fields and can vary significantly based on the adjacent crop.
Although this project addressed many questions about the spatialtemporal distribution of stink bugs in cotton and the influence of surrounding
crops, a number of areas for future research remain. Determining the sex-ratio
of immigrating adults and if females are mated, could shed light on various biotic
(i.e. acoustic signaling and pheromones) and abiotic factors that initiate their
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movement into cotton. The vertical distribution of tarnished plant bugs within the
cotton canopy has been studied (Snodgrass 1998); however, this aspect of
behavior has not been addressed for stink bugs. Reported results of 1st instars
feeding in peanut (Tillman 2008a) should be confirmed considering those results
were the first reported incidence of feeding by stink bugs in this stadium. Mark
and recapture studies of stink bugs have had little success tracking their
movements between and within crops (Tillman 2006a). Movement of individual
adult stink bugs could be monitored by using radio-frequency identification
(RFID) tags attached to stink bugs. Once located with a receiver, the position
and identity of tagged stink bugs within a field would be recorded and compared
with locations where the bugs were captured previously.
Another area in need of further research is evaluation of spatial variable
insecticide (SVI) treatments for managing stink bugs.

This management

technique has been studied for controlling the tarnished plant bug, Lygus
lineolaris (Palisot de Beauvois), in the Mid-South (e.g. Fridgen et al. 2002), but
has not been evaluated as an alternative to whole-field treatments for stink bugs
in the Southeast.

Because considerable acreage is planted to cotton, SVI

programs could dramatically reduce costs of inputs, thereby increasing profits for
producers.

Traditionally, sampling for stink bugs has entailed sweep-net or

ground-cloth methods to obtain estimates of overall pest abundance; however,
sampling for stink bugs in the future could focus on the development of new
technologies, such as devices that can non-destructively scan bolls for internal
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injury or use sensors to detect volatile emissions from injured plants or
aggregated bugs, and use site-specific applications of insecticides (Turnipseed et
al. 2004, Khalilian et al. 2006).
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Appendix A
Additional figures for Chapter 3

Figure A.1. Representation of sampling transects for Field A (12.1 ha) in
South Carolina (2007). E
Eighteen
ighteen (18) transects into cotton Field A from
adjacent peanut, corn, cotton, sunflower, and soybean fields.

Figure A.2. Representation of sampling transects for Field B (8.1 ha) in
South Carolina (2008).. Fourteen (14) transects into cotton Field B from
adjacent cotton, soybean, and corn fields
fields.
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Figure A.3. Representation of sampling transects for Field C (8.1 ha) in
South Carolina (2007).. Fifteen (15) transects into cotton Field C from
adjacent woods, cotton, and soybean fields.

Figure A.4. Representation of sampling transects for Field D (8.5 ha) in
South Carolina (2008).. Fifteen (15) transects into cotton Field D from
adjacent
woods,
cotton,,
and
soybean
fields.
fields
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Figure A.5. Species composition
omposition and life stages for stink bugs in cotton as measured by transect
sampling into cotton away from adjacent habitats in four fields in South Carolina (2007-2008).
(2007
SGSB =
Southern green stink bug, GSB = Green stink bug, BSB = Brown stink bug.
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Figure A.6. Crop effect on density of total stink bugs as measured by
transect sampling into cotton away from adjacent habitats in South
Carolina (2007-2008). Analyzed using analysis of variance (ANOVA) (Proc
MIXED, SAS), α = 0.05. Bars with letters in common are not significantly
different.
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Figure A.7. Crop effect on density of adult stink bugs during mid season
as measured by transect sampling into cotton away from adjacent habitats
in South Carolina (2007-2008). Analyzed using of variance (ANOVA) (Proc
MIXED, SAS), α = 0.05. Bars with letters in common are not significantly
different.
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Figure A.8. Crop effect on density of adult stink bugs during late season as
measured by transect sampling into cotton away from adjacent habitats in
South Carolina (2007-2008). Analyzed using analysis of variance (ANOVA)
(Proc MIXED, SAS), α = 0.05. Bars with letters in common are not
significantly different.
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Figure A.9. Crop effect on density of stink bug nymphs during mid season
as measured by transect sampling into cotton away from adjacent habitats
in South Carolina (2007-2008). Analyzed using analysis of variance
(ANOVA) (Proc MIXED, SAS), α = 0.05. Bars with letters in common are not
significantly different.
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Figure A.10. Crop effect on density of stink bug nymphs during late
season as measured by transect sampling into cotton away from adjacent
habitats. Analyzed using analysis of variance (ANOVA) (Proc MIXED, SAS),
α = 0.05. Bars with letters in common are not significantly different.
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Figure A.11. Crop effect on density of total stink bugs during mid season
as measured by transect sampling into cotton away from adjacent habitats.
Analyzed using analysis of variance (ANOVA) (Proc MIXED, SAS), α = 0.05.
Bars with letters in common are not significantly different.
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Field A.12. Crop effect on density of total stink bugs during late season as
measured by transect sampling into cotton away from adjacent habitats.
Analyzed using analysis of variance (ANOVA) (Proc MIXED, SAS), α = 0.05.
Bars with letters in common are not significantly different.
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Figure A.13. Crop effect on boll injury during mid-season as measured by
transect sampling into cotton away from adjacent habitats. Analyzed using
analysis of variance (ANOVA) (Proc MIXED, SAS), α = 0.05. Bars with
letters in common are not significantly different.
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Figure A.14. Distance effect on density of adult stink bugs as measured by
transect sampling into cotton away from adjacent habitats. Analyzed using
analysis of variance (ANOVA) (Proc MIXED, SAS), α = 0.05. Bars with
letters in common are not significantly different.
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Figure A.15. Distance effect on density of total stink bugs as measured by
transect sampling into cotton away from adjacent habitats. Analyzed using
analysis of variance (ANOVA) (Proc MIXED, SAS), α = 0.05. Bars with
letters in common are not significantly different.
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Figure A.16. Distance effect on density of adult stink bugs during mid
season as measured by transect sampling into cotton away from adjacent
habitats. Analyzed using analysis of variance (ANOVA) (Proc MIXED, SAS),
α = 0.05. Bars with letters in common are not significantly different.
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Figure A.17. Distance effect on density of total stink bugs during mid
season as measured by transect sampling into cotton away from adjacent
habitats. Analyzed using analysis of variance (ANOVA) (Proc MIXED, SAS),
α = 0.05. Bars with letters in common are not significantly different.
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Figure A.18. Distance effect on boll injury during mid season as measured
by transect sampling into cotton away from adjacent habitats. Analyzed
using analysis of variance (ANOVA) (Proc MIXED, SAS), α = 0.05. Bars with
letters in common are not significantly different.
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Figure A.19. Distance effect on density of adult stink bugs during late
season as measured by transect sampling into cotton away from adjacent
habitats. Analyzed using analysis of variance (ANOVA) (Proc MIXED, SAS),
α = 0.05. Bars with letters in common are not significantly different.
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Field A.20. Distance effect on density of total stink bugs during mid
season measured by transect sampling into cotton away from adjacent
habitats. Analyzed using analysis of variance (ANOVA) (Proc MIXED, SAS),
α = 0.05. Bars with letters in common are not significantly different.

50
45

a

% Boll Injury

40
35

b

b

30

F = 4.11
df = 3, 78
P < 0.01
± 1 SE

b

25
20
15
10
5
0
0

5

10

25

Distance (m) from Field Margin

Figure A.21. Distance effect on boll injury during late season as measured
by transect sampling into cotton away from adjacent habitats. Analyzed
using analysis of variance (ANOVA) (Proc MIXED, SAS), α = 0.05. Bars with
letters in common are not significantly different.
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Figure A.22. Crop/Distance interaction for density of adult stink bugs
during early season as measured by transect sampling into cotton away
from adjacent habitats. Analyzed using analysis of variance (ANOVA)
(Proc MIXED, SAS), α = 0.05.
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Figure A.23. Crop/Distance interaction on density of total stink bugs
during early season as measured by transect sampling into cotton away
from adjacent habitats. Analyzed using analysis of variance (ANOVA)
(Proc MIXED, SAS), α = 0.05.
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